Dendrimers and hyperbranched polymers represent a revolution in methodology for directed synthesis of monodisperse polymers with enormous possibility of novel architectures. They demonstrate ability to attain micelle-like structures with distinct internal and external character. Furthermore polyfunctional character of dendrimers allows varied response to environment and promise as selective sensors, carrier for drugs, encapsulation of toxic chemicals and metals. One of the key problems are the characterization of the structures. Theory and simulation can be essential to provide and predict structure and properties.
Introduction
Dendrimers and hyperbranched polymers represent a novel class of structurally controlled macromolecules derived from a branches-upon-branches structural motif. 1 Dendrimers are well de ned, highly branched macromolecules that radiate from a central core and are synthesized through a stepwise, repetitive reaction sequence that guarantees complete shells for each generation, leading to polymers that are monodisperse. 2 The synthetic procedures developed for dendrimer preparation permit nearly complete control over the critical molecular design parameters, such as size, shape, surface/interior chemistry, exibility, and topology. 1;2 Synthetic techniques proved e ective include the Starburst divergent strategy (Tomalia and coworkers 1;2 ), the convergent growth strategy (Fr echet and coworkers 3 ) , and the self-assembly strategy (Zimmerman and coworkers 4 ). These methods have proved e ective in generating macromolecules with a unique combination of properties. 5;6 The geometric characterization of dendrimer structure has lagged this rapid progress in synthesis and design. 1 The problem is that these molecules possess an enormous number of energetically permissible conformations, and in solution there is rapid interchange between them. Thus di raction techniques yield little structure information. Also a number of generations involve the same monomers, making it di cult to extract precise information about the local structure from infrared or NMR experiments. Thus the most precise experimental data about overall structure comes from size exclusion chromatography (SEC). 1;2 The main experimental data about the geometric character of particular sites has come from NMR relaxation times for molecules able to partially penetrate into the dendrimer. 7 A particular advantage of using theory is that the properties of new materials can be predicted in advance of experiments. This allows the system to be adjusted and re ned (designed) so as to obtain the optimal properties before the arduous experimental task of synthesis and characterization. However, there are signi cant challenges in using theory to predict accurate properties for functional dendritic materials. For instance, an amorphous polymer within 1 3 would have tens of billion of atoms, much too large for standard classical molecular dynamics (MD) and enormously too large for quantum mechanics (QM). Consequently, we use the multi-scale computational (MSC) hierarchical strategy, see Figure 1 . The idea here is to start with accurate rst principles QM on small system (10s or 100s of atoms). Based on the QM results, we then nd force elds (FF) to replace the electrons in terms of springs. Using the FF allows classical MD simulations with 1000s of atoms. With current methods and hardware, MD is practical up to 10 million atoms, but 10 million atoms of a polymer occupy a cube of only 50 nm on a side. To treat much larger systems, it is essential to average the atoms into collective units (segments, grains, pseudoatoms). This is the mesoscale region at the heart of modeling self assembly, crystallization, interaction of nanosize dendritic particles. Progress is being made in mesoscale simulations, but the demands of applications require many additional advances.
In the following sections, we will presents examples of developments in methods and applications to dendritic polymers and their assemblies.
Methods for Molecular Modeling and Simulation of Dendrimers
Predicting the structure, dynamics, and properties of dendrimers at the nanoscale and microscale regimes requires substantial improvements in theory (FF and simulation methodologies) and the software (the algorithms and their implementation in order to do the calculations). We rst describe some recent developments in theory, and simulation approaches that underly the applications to dendritic polymers. Modeling, simulation, and design of dendrimers involves various levels of theory: QM, FF development, MD, and meso-scale methods.
Quantum Mechanics
QM is the foundation for the theoretical description of materials. Consequently our group rst concentrated on developing quantum mechanical methods (GVB, 8 PS-GVB, 9 MR-CI, 10 GDS-DFT 11 ) capable of giving accurate energetics, structure and charges for these nanoscale particles. There has been tremendous progress in such rst principles electronic structure methods; however, the calculations are often far too slow for studying the applications of interest.
Force Fields
In order to allow practical calculations on large systems, we want to average over electrons from QM to obtain a FF that can describe the energy and forces in terms of atomic positions. Using results from QM we can develop FF adequate for predicting the energetics needed to simulate the structure and properties of dendrimers. The FF must even be accurate enough to obtain the correct energy di erences for di erent phases of materials but must also describe the intermediate structures involved in surface and interfacial phenomena. Standard FF generally use simple springs to represent bonds and angles in describing structures and vibrations of molecules. The best FF are t to the QM using the Hessian-Biased FF (HBFF) 12 approach, which allows experimental information (about frequencies, polarizabilities, etc.) to be combined with normal mode informationfrom QM. This HBFF approach has been used to develop accurate FF for various polymers (e.g., PE, PVDF, nylon, POM, SiH). 13 On the other hand, for fast qualitative considerations of new systems, we nd generic FF suitable for general classes of systems to be quite useful. This includes the DREIDING FF 14 (for the main group elements) and the Universal force eld (UFF) 15 (all elements)
Molecular Dynamics
Given the FF to predict the forces, we can solve the coupled sets of Newton's equations to describe the motion of the N interacting atoms, this is referred to as MD. One can than connect the trajectories (R i ; V i ; i = 1; N) generated by the MD to obtain macroscopic properties through the use of statistical mechanics and thermodynamics. 16 MD simulations of heterogeneous materials may require thousands to millions of atoms to be considered explicitly. Accurate evaluation of the long-range interactions (electrostatic and dispersion), which decrease slowly with distance, is the most time-consuming aspect for MD simulations of such large systems. This cost is order (N 2 ) for N particles. Thus, a system of 10 million atoms requires the evaluation of 10 14 terms each time step. The standard approach to simplifying such calculations for nite systems has been to ignore the interaction beyond some nonbond cuto . However, for one million particles this requires maintaining an enormous nonbond list and also leads to errors orders of magnitude too large. For periodic systems such cuto s leads to unacceptable errors, requiring fast Ewald approaches. 17 This leads to a scaling of N 1:5 , totally impractical for systems with million atoms. Because such simulations require simulations of millions of atoms, we developed methods and optimized parallel computer programs (MPSim) 18 for e cient MD simulations. MPSim Program features:
Linearly Scaling Cell Multipole Method 19 (CMM) which dramatically reduces the cost of long-range Coulomb and van der Waals interactions while retaining high accuracy. Reduced Cell Multipole Method 20 (RCCM) to handle long-range Coulomb interactions for bulk systems (treated within a periodic simulation cell). MD algorithms to simulate systems under constant temperature and pressure conditions. 21 Newton Euler Inverse Mass Operator method (NEIMO) 22 for internal coordinate dynamics (e.g., treats torsions only) which is instrumental for polymer simulations. This enables increase in time scales of simulation by an order of magnitude.
In the following subsections we will describe some recent developments in methods and algorithms in more detail.
Non-Equilibrium Molecular Dynamics (NEMD)
The NEMD technique enables us to determine the transport coe cients from the response of the system to nite applied elds. 23 We have implemented synthetic equations of motions to simulate various nonequilibrium conditions to predict transport properties such as viscosity, thermal conductivity of materials. 24 In NEMD, the viscosity is calculated in the same way that an experimentalist would measure it. The shear viscosity coe cient is obtained directly by evaluating the momentum ux in a system subject to a known applied shear rate _ . NEMD can evaluate the pressure and viscometric function in addition to the shear viscosity, enabling us to study the uid microstructure in the nonequilibrium steady state.
For computational simplicity, the NEMD calculation on sheared uids is carried out for a system subjected to a planar Couette ow (pure shear), with xed density and temperature. We consider that the applied shear is in the xy plane and changes linearly in the y direction. The system can be exactly modeled by applying the isokinetic SLLOD equations of motion for a molecular uid. 23 (2) where _ is the shear rate, or the velocity gradient,
and u x is the velocity of uid in the x direction. Here is the Gaussian thermostat variable (introduced to maintain the isokinetic conditions) obtained by solving the constraint equation
The shear viscosity (_ ; P; T) is de ned as the ratio of the shear stress xy and the applied shear rate _ ,
Using these methods, we have studied the shear viscosity of linear, star and dendritic polymers to investigate the dependence of viscosity on the molecular topology. In continuum solvent approach we de ne three regions: Interior, the solute molecule region 1 whose electrostatics described by a dielectric constant, 1 , and set of point charges q i ; Exterior, solvent region 3 whose dielectric constant 3 , and contains a set of mobile charges; Finally the ion-exclusion layer, 2 Standard iterative numerical techniques such as Jacobi Conjugate Gradient, preconditioning, and multigrid methods can then be used. 27 Grid vertices only coupled to Voronoi neighbors. This present an advantage over the boundary element and cubic lattice methods. Thus, PB continuum solvation can be used as an intermediate step between implicit and explicit solvent simulations. We are applying the continuum solvent appraches to study the stimuli response of Frech et dendrimers. PB calculation steps are still an expensive component of force evluation in each MD step, we are exploring more feasible means to include an accurate solvation picture. One promising approach is a reparametrized generalized Born (GB) solvent, calibarated to match the more accurate PB calculations for model systems prior to MD simulations. 28 
Continuum Solvent Approach

Coarse Grain MD methods
The coarse grain methods are used to simulate equilibrium, and nonequilibrium processes for dendritic materials and self assembly processes. Here, as in determining classical potentials by averaging over electronic degrees of freedom, we use atomistic interaction parameters to average over atoms to represent supramolecular assemblies. This approach for dendrimers due to their inherent globular structure is quite appropriate. For instance, the self assembly problem of globular dendritic molecules can be reduced to center-center interactions between them. This can be accomplished in two alternative ways. First a single center representation can be generated by performing energy calculations for isolated and pair of dendrimers. The interaction energy then can be extrexted from these simulations. As a following step we t a functional form to represent this single center-center interaction potential for mesoscopic level dynamics simulations. Another approach proposed by C a g n 29 is based on the multipole expansion of electrostatic and dispersion elds of an assembly. This expansion is then taken as the interaction potential between the two extended "bodies" with a core repulsion term de ned from the envelop of the extended body. This approach takes into account the orientational aspect of the interactions for all geometries (not only spherical dendrimer assemblies).
Molecular Modeling and Simulation of Dendritic Materials
In this section we will summarize some recent applications to nanoscale dendritic systems. This will illustrate the role of the new developments in FF and simulation technology. These applications are:
1. Characterization of structure of PAMAM dendrimers using MD 2. Molecular Dynamics studies on dendrimer box 
PAMAM: Change in structure as a function of generation
We carried out molecular dynamics simulations at room temperature to investigate the structure of the PAMA dendrimers upto generation 7. We have used two di erent initiators, ethylenediamine (EDA) and ammonia (NH 3 ). The core and the monomers determines the number of atoms for each generation by 
Thus, the number of atoms increases exponentially with the generation number leading to steric overlaps after some generation. 31 Figure 2 shows the structure of PAMAM-EDA generation 7 dendrimer.
In the molecular model building process, we used an annealing schemes which uses successive steps of energy minimization and molecular dynamics runs. After constructing initial structures molecular dynamics simulations are carried out at T = 300K using DREIDING FF. Each generation (including the half generation simulations were carried out over 200 ps (with a time step of 1 fs). Initial 100 ps of the run is treated as equilibration. The structural analysis carried over the last 100 ps of each simulation. In Table 1 we list the calculated radius of gyration for generations 1 through 7th. We carried out molecular dynamics (MD) theoretical studies of the DBox in the same solvent and nd the same encapsulation properties. We used the DREIDING force eld (FF). Charges for the PPI-5 dendrimer were obtained using Charge Equilibration (QEq). 25 Charges for various molecules (BR, CH 2 Cl 2 , and the tBOC-L-Phe cap with propylamine) were determined from the electrostatic potential (potential derived charges) calculated from quantum chemistry 11;12 (Hartree-Fock with the 6-311G** basis set).
The 5th generation PPI dendrimer and DBox were built by optimizing the geometries (in vacuum) to minimize the energy after adding each monomer of each generation. The BR molecules were optimized in the vacuum and then inserted into the dendrimer at regions containing the biggest cavities and then the composite structure was optimized. This starting structure for each dendrimer system (including BR) was then placed in the solvent box, and all solvent molecules within 1.4 A of any of the dendrimer or BR atoms were excluded. This leads to 25,000 atoms per periodic box. Then 1ps of dynamics at 0K were performed for each solvated system to remove bad contacts. Then we proceeded with NVT dynamics at 300K.
There are three regions for the PPI-5 dendrimer: 1) The core region is de ned as the region within the radius of gyration, R
where R cm is the center of mass, m i is the mass of atom i, M T is the total mass, and the sum is over only the dendrimer atoms. For a sphere of radius R and uniform density R g = 3 5 R.
2) The surface region is de ned as the region from R g to R t where the tip radius R t is de ned as
Here the sum is over only the last nitrogen atom of the leaf monomer of each dendrimer branch and N t = 64 is the number of such tip atoms. For a uniform sphere of radius R t = R.
3) The solvent region outside the dendrimer is de ned as outside R t . We rst determined the structure and properties for four or six BR molecules encapsulated inside DBox. For both 4BR/Dbox and 6BR/DBox, the center of mass (CM) of each BR molecule from the CM of the dendrimer over 200ps of NVT MD are signi canly lower than the surface radius. In both cases all BR molecules remain well within the interior of the box.
We started with the structures of four or six BR in the capped DBox obtained after 162.5ps of MD, deleted the caps, resolvated, and then carried out NVT MD for 500 ps. In both cases, an equilibrium distribution is established for the BR positions over the regions of the dendrimer. For 4BR/PPI-5 three BR are in the interior while one resides in the surface region. For equilibrated 6BR/PPI-5 four BR are in the interior while one is in the surface and one stays outside the surface.
These results agree well with experiment, which nds that the number of encapsulated BR molecules depends on the BR/PPI-5 molar ratio (in CH 2 Cl 2 ) prior to addition of the tBOC-L-Phe capping molecules. 6 Thus BR/PPI-5] = 4 leads to encapsulation of 3BR/DBox, while BR/PPI-5] = 6 and higher leads to encapsulation of 4BR/DBox. The MD calculations nd exactly these results, namely for BR/PPI-5 = 4, we nd 3 molecules in the interior region and for BR/PPI-5 = 6, we nd 4 molecules in the interior. This indicates that during the encapsulation reactions, those BR molecules located within the interior of the dendrimer are encapsulated while those located on or outside the surface are not.
The MD shows that the BR molecules migrate around and in and out of the uncapped dendrimer box. One BR molecule moves to a distance beyond the average distance of the tip atoms at t = 250 ps to 330 ps, and then returns while the blue BR gets to this tip radius at t = 400 ps. This re ects the ability of the PPI-5 to bind only four BR molecules. The BR exhibit Brownian motion and are not strongly coupled. To see the relation between these, in Figure 3 , we display the 4BR/Dbox and 4BR/PPI-5 cases, where the BR are shown as CPK balls while the DBox is shown as sticks. 
Viscosity of Dendrimers from NEMD Simulations
Our objective is to provide a bridge between experiment and theory by providing a sound foundation for molecularly based theories of rheology. NEMD methods have been used to study the properties of atomic and molecular systems 23;24 including short n-alkanes. To investigate the dependence of shear viscosity on molecular topology, four type of molecular topology is constructed. Each has the same molecular weight. We applied NEMD to calculate the shear viscosity of a model polymer subjected to a planar Couette shear ow. Each model system composed of 80 polymers (10880 interaction centers) equilibrated at room temperature. We have employed a united atom model potential to represent the interactions, i.e. CH, CH 2 , CH 3 are represented as single interaction center. We considered applied shear rates of _ =1 and 0.25 ps ?1 . For each shear rate and temperature, we rst equilibrated (with NEMD) for N EQ steps followed by N meas steps which were then used to calculate properties. As the shear rate decreases we observed larger uctuations and slower convergence. Thus, we increased the number of steps. The number of measurement steps ranged from 200,000 (_ = 1ps ?1 ) to 600,000 (_ = 0:25ps ?1 ).
The viscosities for shear rate 1 ps ?1 are 0.066, 0.083, 0.119, 0.212 mPas for n-C 136 , star-C 136 , g2-C 136 and g4-C 136 . For the shear rate 0.25 ps ?1 , 0.115, 0.124, 0.179, and 0.262 mPas. The viscosity increases as the structure becomes more and more branched. To see the dependence of viscosity on the shear rate (within the regime of our calculations) we performed simulations with 0.05 and 0.01 ps ?1 rates for the generation 4 model dendrimer. We obtain a shear viscosity of 0.432 mPas at 0.05 ps ?1 and 0.590 mPas at 0.01 ps ?1 shear rates.
Self-Assembly of dendrimers
Percec 30 has shown that dendrimers can be designed to aggregate to form cylinders or spheres depending upon the nature of the fundamental building unit. One class of these systems leads to cone type dendrimers that organize into spheres (2 to 12 per sphere depending on generation) which then pack into the unusual Figure 4 : X-ray di raction pattern obtained from simulation 32 of Percec dendrimer 30 A-15 type cubic crystal structure having spheres at the comers and body center of the cube plus two on each face.
Using MPSim we have carried out large-scale MD calculations on this system in to detemine the equilibrium structure at room temperature. These are large systems with 37000 atoms (excluding hydrogen) per unit cell. The equilibrated structures led to xray di raction intensities in good agreement with experiment, Figure 4 .
This self assembly of this system represents a model problem for a coarsening approach starting from classical atomic level simulation and averaging over atoms to obtain a supramolecular representation. To do this, we performed molecular dynamics simulation on isolated single spherical assembly at 300 K. We also performed successive simulations with two spherical supramolecular assemblies as the distance between the sphere centers varied until they overlap. From these simulations we determined interaction enegetics of a pair of spherical assemblies. The interaction energy can be approximated by a at bottom Morse potential. The inner core and dispersion parts have the same depth, however di erent minima. Preliminary studies using the interaction potential gave rise to stable Pm3n structure.
Stimuli-responsive macromolecules
Frech et 3 has prepared new stimuli responsive macromolecules based on linear, star and dendritic blocks. These materials respond to a change in their environment through changes in shape, size, or nature of their exposed surface (e.g. hydrophilic or hydrophobic. Using MPSim program with NEIMO and PB Solver approaches we aim at characterizing the properties of these systems theoretically.
We have rst carried out large-scale MD calculations on this system in three solvents (TBF, HCCI,, and H,COH) to determine the equilibrium structure as a function of solvent and temperature. The structures of the slightly extended and coiled forms of dendrimers are shown in Figure 5 . These are large systems. The dendrimer has 1609 atoms (excluding hydrogen) and a solvent box with 80,000 additional atoms is required. We have studied all three solvents at room temperature. In order to accelerate the convergence of these calculations, we have to combine: NEIMO technique for internal coordinate dynamics to sample only relevant and important degrees of freedom (conformations rather than high frequency vibrations) Continuum solvent description of the solvent that accurately includes the solvent e ects (including forces) without having to describe the details of the solvent.
Dendrimer Based Functional Nanostructures
To conclude we would like to address some of the connections between dendrimers and technological applications especially in the nanotechnology.
Recent results suggest that dendritic polymers, a new class of macromolecules developed over the last decade 1?7;33 may provide the key to developing reliable and economical fabrication and manufacturing of functional nanoscale materials that would have unique properties (electronic, optical, opto-electronic, magnetic, chemical, or biological) that could be the basis of new nanoscale technology and devices.
Dendrimer technology has been established to obtain cone shaped, spherical, or disk like shapes that are mono disperse with sizes in the range of 2 to 12 nm. These structures can be designed to be containers for organic dye molecules or for metal or semiconductor clusters, with exteriors that dissolve them in appropriate media or stick them onto appropriate surfaces. The sequestered metal clusters of Fe and Co show magnetic properties and the sequestered semiconductor probably behave as spherical quantum dots. 32 Probably the metals could be prepared pure and the surfaces oxidized to provide protection or to provide a barrier for electronic purposes. The cones, spheres, or disks can be covalently attached at regular spaces to polymer backbones to form linear necklaces. Thus one can imagine a regular array of metals or quantum dots whose spacing and diameter can be controlled exactly. These linear necklaces that can be directed to associate in bundles which could then be cross-linked to provide stable 2 dimensional networks of metals or quantum dots. Used as a mask this could be the basis for nanolithography with lines of -2 to 5 nm. Used as a detector it could provide a nano channel plate of magni cent resolution. Used as an active electronic element it could provide for entirely new types of devices. The current magnetic clusters are magnetically soft, which could be useful for some applications. Placing a cap on the dendrimer that interacts strongly with the metal surface could increase their coercive force. Using appropriate dendrimers the shape of the metal could be changed to disk-like or cylinder, providing the possibility of using as a magnetic storage medium. The dendrimers can be designed so that the interior or exterior is hydrophobic or hydrophilic and rigid or exible and small pore or large pore. This provides enormous opportunities for chemical sensors.
